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E-mail address: jmgaraz@unizar.es (J.M. García-AzWound contraction due to traction forces exerted by cells on the underlying extracellular matrix (ECM)
brings the wound edges together, effectively reducing the wound size and aiding its healing. It occurs on
deep wounds and burns only and plays a central role on ﬁbroplasia related pathologies. In this work, we
present a novel model based on the work of Olsen et al. [Olsen, L., Sherratt, J.A., Maini, P.K., 1995. A mech-
anochemical model for adult dermal wound contraction and the permanence of the contracted tissue dis-
placement proﬁle. Journal of Theoretical Biology 177 (2), 113–128] in which we incorporate a cell
differentiation mechanical signaling, a cell mechanical sensing and transmission of traction forces to the
ECM and a dynamical change of the ECM mechanical properties with collagen deposition. Along with the
mathematical model, we propose a numerical solution of the nonlinearly coupled convection–diffusion-
reaction equations based on a ﬁnite element analysis with a Newton–Raphson solver and rigorous lineari-
zations of the nonlinear terms. We investigate the effect of woundmorphology on the contraction process
and analyze the inﬂuence of the strength of the dermal attachment to the underlying tissue on contraction.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Wound healing occurs by means of the combination of strongly
coupled biological, chemical and mechanical processes that extend
over blood clot formation, neovascularization, extracellular matrix
synthesis, wound contraction, re-epithelialization and scar remod-
eling (Stadelmann et al., 1998; Singer and Clark, 1999). Among
these, wound contraction plays a central role during healing of
burns or deep wounds, aiding the reduction of the wound size by
the action of cellular traction forces on the extracellular matrix
(ECM). The overall gain due to wound contraction strongly
depends on the degree of dermal attachment to the underlying tis-
sue. Thus, loose-skinned mammals (such as rats or rabbits) may
experience complete wound closure and little scarring due to con-
traction. Humans, however, go through much lesser wound size
reduction (Grinnell, 1994). Moreover, certain pathologies related
to unbalanced granulation tissue formation such as hypertrophic
scars or keloids are strongly inﬂuenced by wound contraction
(Murray, 1994; van der Veer et al., 2008; Olsen et al., 1996).
Mathematical modeling combined with computer simulations
may contribute to the understanding of the processes involved in
wound healing and enlighten optimal conditions for treatments.ll rights reserved.
ral Mechanics and Materials
(I3A), University of Zaragoza,
4 976 762578.
nar).A good introduction to mathematical modeling of biological phe-
nomena is due to Murray (2003), where especial attention is paid
to wound healing. Moreover, Sherratt and Dallon (2002) give an
extensive review of models for particular aspects of wound heal-
ing. The seed of most of the models dealing with wound contrac-
tion is due to Tranquillo and Murray (1992), who proposed a
continuum model based on conservation laws for ﬁbroblasts,
ECM and linear momentum. Tranquillo and Murray demonstrated
that wound contraction was not obtained in absence of chemical
stimulus, though they only incorporated its effect statically. Olsen
et al. (1995) developed a more complete model including dynamic
consumption and production of the chemical stimulus in cell func-
tion and phenotypic transformation between ﬁbroblasts and myo-
ﬁbroblasts. Dale et al. (1997) modeled the ratio between collagen
types I and III to explain the differences between scarless healing
in fetus and scar formation in adults. These works typically pro-
vided traveling wave solutions, and numerical solutions are limited
to axi-symmetrical wound shapes (planar or circular wounds)
using ﬁnite difference schemes. More recent works (Vermolen
and Adam, 2007; Javierre et al., 2008) deal with general wound
shapes in two-dimensions, although they do not consider the effect
of mechanical factors. The main aim of this work is to propose a
wound contraction model extending the previous work of Olsen
et al. (1995), incorporating the effect of mechanical stress on the
cellular function (i.e., differentiation and transduction of forces to
the ECM). This new model will be used to analyze the inﬂuence
of wound morphology on contraction in adult mammals.
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to solve complex geometries beyond ﬁnite difference schemes
scope. Nonlinearly coupled equations are frequently solved adopt-
ing implicit–explicit (IMEX) time integration methods (Vermolen
and Adam, 2007). Nonlinear terms are treated explicitly, and hence
the system of equations resulting from the spatial discretization is
linear. Numerical stability of such discretizations impose time-
stepping bounds, and consequently large computational times. In
this work, a robust and efﬁcient numerical method for the arising
coupled, highly nonlinear, convection–diffusion-reaction equa-
tions is presented along with the mathematical formulation of
the contraction model. We adopt a generalized trapezoidal method
for the temporal derivatives. Nonlinear terms are evaluated at the
new time step, and the resulting nonlinear system of equations is
solved with the Newton–Raphsonmethod (Zienkiewicz and Taylor,
2000a). Numerical stability is easily guaranteed if the parameter
deﬁning the trapezoidal method is chosen properly. We, further-
more, present a rigorous linearization of the nonlinear equations
which allows for acceptable computational times, obtaining a use-
ful tool to study the effect biochemical, biomechanical and geo-
metrical factors on the contraction process.
The paper is organized as follows. First, the mathematical model
will be presented. Subsequently, the ﬁnite element formulation
will be given in detail, and the solution method will be rigorously
described. Next, the proposed extensions to the original model of
Olsen et al. (1995) will be discussed individually, demonstrating
the suitability of the additional assumptions. After that, the model
will be applied to investigate the effect of wound morphology and
dermal attachment to the underlying tissue in the contraction pro-
cess. Finally, the paper is closed with the discussion and the appen-
dices compiling analytic expressions of the linearizations of the
nonlinear problem.
2. A mathematical model of wound contraction
In this work, we propose a novel mechano-chemical model of
wound contraction based on the work due to Olsen et al. (1995)
in which chemotactically-driven ﬁbroblasts migrate into the
wound site causing the contraction of the wound as the created
tensile forces are transmitted throughout the dermis by the myoﬁ-
broblasts-ECM intracellular adhesions. We extend the original
work of Olsen et al. (1995) incorporating the following additional
known effects:
(1) the combined action of growth factors and mechanical stress
on the differentiation of ﬁbroblasts into myoﬁbroblasts
(Ehrlich and Rajaratnam, 1990),
(2) the effect of ECM deformation in the determination of the
cellular traction force that is transmitted to the ECM (Moreo
et al., 2008), and
(3) the dependence of the ECM mechanical properties on the
collagen density (Gómez-Benito et al., 2005).
The model is based on conservation laws for the cellular and
chemical species and tissue momentum. Thus, the primary vari-
ables of the model are the cellular densities of ﬁbroblasts ðnÞ, myo-
ﬁbroblasts ðmÞ and collagen ðqÞ, the chemical concentration ðcÞ of a
mitotic and chemotactic generic growth factor and the ECM dis-
placement vector (u). In order to facilitate the readability of the pa-
per, the governing equations and numerical procedures will be
presented for a general cellular or chemical species Q when possi-
ble. Thus, equations for ﬁbroblast, myoﬁbroblast, collagen ﬁbers
and growth factor concentration shall be acknowledged as partic-
ular cases of the ones for Q. This general framework however is
not adopted for the displacement vector, for which equations are
speciﬁed.2.1. Conservation of species Q
Volumetric conservation of cellular or chemical species yields
@Q
@t
þr  JQ ¼ fQ ; ð1Þ
where JQ denotes the net ﬂux of Q per unit area and fQ its net pro-
duction. It is worth noting here that species Q are embedded on a
contractive medium, and hence there is a contribution from passive
convection to JQ in all the cases.
2.1.1. Fibroblasts ðnÞ
Fibroblasts are motile cells chemotactically attracted to the
wound site. Hence, ﬁbroblasts ﬂux is due to random dispersal, che-
motaxis and passive convection, that is,
Jn ¼ Dnrnþ anðbn þ cÞ2
nrc þ n @u
@t
; ð2Þ
where the chemotactic sensitivity function an=ðbn þ cÞ2 models cell
surface receptor mechanism (Sherratt et al., 1993). Fibroblasts pro-
liferation is modeled with a logistic growth model with chemical
enhancement of the proliferation rate. Acquisition and maintenance
of the myoﬁbroblast phenotype depends on mechanical tension and
growth factor presence (Hinz and Gabbiani, 2003; Tomasek et al.,
2002). We model ﬁbroblasts differentiation into myoﬁbroblasts
through Michaelis-Menten kinetics also regulated through the
mechanical stimulus estimated by pcell (Moreo et al., 2008). Reverse
differentiation from myoﬁbroblasts to ﬁbroblasts is modeled with
ﬁrst order kinetics, just like ﬁbroblasts death (Olsen et al., 1995).
Therefore,
fn ¼ rn þ rn;maxcC1=2 þ c
 
n 1 n
K
 
 k1;maxc
Ck þ c
pcellðhÞ
sd þ pcellðhÞ
nþ k2m dnn;
ð3Þ
where pcell denotes the net stress of one ﬁbroblast cell per unit of
ECM matrix. pcell is modeled as a piecewise linear function of the
ECM volumetric strain h (Moreo et al., 2008). In their work, Moreo
and co-workers hypothesized that pcell could be the mechanosen-
sing variable that regulates proliferation and migration. Now, we
propose that this same variable drives ﬁbroblasts differentiation
into myoﬁbroblasts. pcell can be compactly written as
pcellðhÞ ¼
Kactpmax
Kacth1  pmax
ðh1  hÞv½h1 ;hðhÞ þ
Kactpmax
Kacth2  pmax
ðh2  hÞ
 vðh ;h2 ðhÞ þ Kpash; ð4Þ
where v denotes the characteristic or indicator function (deﬁned as
vAðxÞ ¼ 1 if x 2 A and 0 otherwise). The terms on the ﬁrst line of the
right hand side account for the contractile stress generated inter-
nally by the myosin machinery and transmitted through the actin
bundles, whereas the term on the second line establishes the con-
tractile stress supported by the passive resistance of the cell. The
strains h1 and h2 denote the compression and traction strain limits
within which the cell actomyosin machinery actively responds to
the ECM deformation, pmax denotes the maximal contractile force
exerted by the actomyosin machinery, Kact and Kpas the volumetric
stiffness moduli of the active and passive components of the cell
and h ¼ pmax=Kact .
2.1.2. Myoﬁbroblasts ðmÞ
Contrarily to ﬁbroblasts, myoﬁbroblasts are non-motile cells.
Therefore, myoﬁbroblasts ﬂux is entirely due to the contraction
of the wound, that is,
Jm ¼ m
@u
@t
: ð5Þ
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with at a lower rate, which is settled here with the proportionality
factor r . Hence, we have that
fm ¼ r rn þ rn;maxcC1=2 þ c
 
m 1m
K
 
þ k1;maxc
Ck þ c
pcellðhÞ
sd þ pcellðhÞ
n
 k2m dmm: ð6Þ2.1.3. Collagen ðqÞ
Collagen type I is the primary structural component of the
extracellular matrix with central role in ﬁbroplasia and wound
contraction. Collagen ﬁbers are cross-linked in a mesh-like struc-
ture, which makes them non-motile. Hence,
Jq ¼ q
@u
@t
: ð7Þ
Moreover, synthesis and degradation of collagen ﬁbers is due to
ﬁbroblasts and myoﬁbroblasts. Collagen production is chemically
enhanced and inhibited at high collagen densities. On the other
hand, enzymatic degradation by both ﬁbroblast and myoﬁbroblast
is modeled here with linear kinetics. Thus, as stated by Olsen
et al. (1995), collagen net production is given by
fq ¼ rq þ rq;maxcCq þ c
 
nþ gbm
R2q þ q2
 dqðnþ gdmÞq: ð8ÞFig. 1. Schematic of the wound, surrounding tissue and boundary conditions.2.1.4. Growth factors ðcÞ
The generic growth factor is allowed to diffuse through the der-
mis, that is,
Jc ¼ Dcrc þ c @u@t : ð9Þ
Moreover, the growth factor is produced and metabolized by ﬁbro-
blasts and myoﬁbroblasts in their function, and is removed from the
tissue as linear decay. Hence,
fc ¼ kcðnþ fmÞcCþ c  dcc; ð10Þ
where kcðnþ fmÞc=ðCþ cÞ denotes the balance between chemical
production and consumption from ﬁbroblasts and myoﬁbroblasts.
Eq. (10) is a simpliﬁcation of the chemical kinetics presented in Ol-
sen et al. (1995) (cf. Eq. (3)), where equal chemical production and
consumption by myoﬁbroblast and half-maximal chemical produc-
tion and consumption enhancement are assumed (i.e., fp ¼ fc ¼ f
and Cp ¼ Cc ¼ C in the notation of Olsen et al., 1995).
2.2. Conservation of tissue momentum
The composite material formed of ECM and cells is modeled as a
continuum for which balance of linear momentum gives
r  rþ fext ¼ 0; ð11Þ
where r denotes the stress tensor accounting for the contributions
from the ECM and the cells, that is,
r ¼ recm þ rcell; ð12Þ
and fext represents the external forces acting on the tissue.
The usual stress–strain constitutive relation of a linear visco-
elastic material gives
recm ¼ l1
@e
@t
þ l2
@h
@t
Iþ E
1þ m eþ
m
1 2m hI
 
; ð13Þ
where the strain tensor e, under the assumption of small strains and
displacements, is given bye ¼ 1
2
ðruþruTÞ; ð14Þ
and I denotes the second order identity tensor. E denotes the ECM
Young’s modulus, which dynamically changes to reproduce the gain
of stiffness as collagen is being deposited at the wound site, deﬁned
as E ¼ E0q=q0. The ECM shear and bulk viscosities are denoted by l1
and l2, respectively, while m represents the Poisson’s coefﬁcient.
As a ﬁrst approach, cell traction stresses are modeled as isotro-
pic, generated by ﬁbroblasts, transmitted (and ampliﬁed) within
the ECM by myoﬁbroblasts and inhibited at high collagen concen-
trations (i.e., contact inhibition). Hence
rcell ¼ pcellðhÞð1þ nmÞ
nq
R2s þ q2
I: ð15Þ
Finally, restoring forces due to the attachments between the dermis
and the underlying substratum act against tissue displacement.
These forces are modeled as linear, proportional to the ECM density.
Hence,
fext ¼ squ; ð16Þ
where s denotes the tethering elasticity coefﬁcient.
2.3. Initial and boundary conditions
The computational domain X consists of two disjoint parts: the
wounded tissue Xw and the undamaged tissue Xund surrounding
the wound (see Fig. 1). The model is initialized at the onset of
the proliferative phase. At this stage, myoﬁbroblasts are still not
present in the wound nor in the surrounding tissue, that is,
mðx;0Þ ¼ 0 for x 2 X. Growth factors released during the inﬂam-
matory phase are highly concentrated within the wound site.
Moreover, as a result of injury, cells are removed from the wound,
whereas their density remains undiminished outside the wound.
Something similar occurs with collagen, although inside the
wound there is a small concentration of collagen that is deposited
during the inﬂammatory phase (Olsen et al., 1995). Without loss of
generality, we will denote by n0ðxÞ; q0ðxÞ and c0ðxÞ the initial dis-
tribution of ﬁbroblasts, collagen ﬁbers and growth factor, respec-
tively. We furthermore disregard any dermis deformation during
the inﬂammatory phase, hence uðx;0Þ ¼ 0 for x 2 X.
Boundary effects on the results are disregarded by taking X suf-
ﬁciently large. Under this premise, it is reasonable to prescribe no
ﬂux boundary conditions for the cellular and chemical species and
no displacements at the boundary.
3. Numerical solution
A ﬁnite element analysis is adopted for the solution of the gov-
erning equations. This choice is based on the capability of ﬁnite
element methods to adapt to complex wound geometries, feature
clearly necessary to investigate the role of wound shape on the
healing process. The primary unknowns of the model (that is,
n; m; q; c and u) are interpolated from nodal values through
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mated with a generalized trapezoidal method (Hughes, 1987). In
order to obtain the fully coupled nonlinear system of equations
describing the discretized model, we ﬁrst reproduce the weak for-
mulation of the governing equations.
3.1. Weak formulation
Under the assumption of sufﬁcient differentiability and making
use of Gauss’ theorem, it is easy to prove that Eqs. (1) and (11) are
equivalent toZ
X
@Q
@t
tQ dX
Z
X
JQ  rtQ dX ¼
Z
X
fQtQ dX
Z
@X
JQ  n?tQ dC; ð17ÞZ
X
r :
1
2
ðrtþrtTÞdX ¼
Z
X
fext  tdXþ
Z
@X
t  tdC; ð18Þ
for all weighting functions tQ and t, where n? denotes the normal
vector pointing outwards X and t :¼ rn? represents the tension
vector. The weak form is ﬁnally obtained taking into account the
essential boundary conditions of the primary unknowns, since they
determine the space of admissible solutions. In this case, the
weighting function t must satisfy
t ¼ 0 in @X: ð19Þ
Hence, the last term on the right hand side of (17) vanishes for all
species Q due to the essential boundary conditions, whereas the last
term of the right hand side of (18) vanishes due to the boundary
condition on the weighting function t.
3.2. System of equations nonlinearly coupled
The model primary unknowns are expressed in terms of their
nodal values through their associated shape functions as follows
(Zienkiewicz and Taylor, 2000a):
Qhðx; tÞ ¼ NQ ðxÞQ ðtÞ; uhðx; tÞ ¼ NuðxÞUðtÞ; ð20Þ
where the superscript h is used to denote the ﬁnite element solu-
tion. Substituting these approximations into the weak forms (17)
and (18) and choosing the weighting functions equal to shape func-
tions, one ﬁnally arrives to the fully discrete and nonlinear algebraic
system of equations from where the time-dependent nodal values
of the primary unknowns are determined. We express this system
of equations as a balance of internal and external forces as follows:
FðZnþ1Þ :¼ FintðZnþ1Þ  FextðZnþ1Þ ¼ 0; ð21Þ
where Z comprises the time-dependent values of the primary vari-
ables arranged as
Z ¼ nT mT qT cT UT
 T ð22Þ
and the subscript nþ 1 denotes the time step at which the solution
is being computed. Likewise, forces Fint and Fext can be expressed in
a vectorial form
Fint ¼ ½ðFintn ÞT ðFintm ÞT ðFintq ÞT ðFintc ÞT ðFintu ÞT T ; ð23Þ
Fext ¼ ½ðFextn ÞT ðFextm ÞT ðFextq ÞT ðFextc ÞT ðFextu ÞT T ; ð24Þ
where
Fintn ¼
Z
X
NTn
@n
@t
dX
þ
Z
X
rNTn Dnrn
an
ðbn þ cÞ2
nrc  n @u
@t
" #
dX ð25Þ
Fintm ¼
Z
X
NTm
@m
@t
dX
Z
X
rNTmm
@u
@t
dX ð26ÞFintq ¼
Z
X
NTq
@q
@t
dX
Z
X
rNTqq
@u
@t
dX ð27Þ
Fintc ¼
Z
X
NTc
@c
@t
dXþ
Z
X
rNTc Dcrc  c
@u
@t
 	
dX ð28Þ
Fintu ¼
Z
X
BTu Delas
q
q0
BuUþ DviscoBu _Uþ pcellðhÞð1þ nmÞ
nq
R2s þ q2
I
" #
dX
ð29Þ
and
Fextn ¼
Z
X
NTn rnþ
rn;maxc
C1=2þ c
 
n 1 n
K
 
k1;maxc
Ckþc
pcellðhÞ
sdþpcellðhÞ
nþk2m
 	
dX

Z
X
NTndnndX ð30Þ
Fextm ¼
Z
X
NTmr rn þ
rn;maxc
C1=2 þ c
 
m 1m
K
 
þ
Z
X
NTm
k1;maxc
Ck þ c
 pcellðhÞ
sd þ pcellðhÞ
ndX
Z
X
NTm½k2mþ dmmdX ð31Þ
Fextq ¼
Z
X
NTq rq þ
rq;maxc
Cq þ c
 
nþ gbm
R2q þ q2
 dqðnþ gdmÞq
" #
dX ð32Þ
Fextc ¼
Z
X
NTc
kcðnþ fmÞc
Cþ c  dcc
 	
dX ð33Þ
Fextu ¼ 
Z
X
NTusqudX ð34Þ
The solution of the nonlinear system of equations described
above is obtained using a standard Newton–Raphson method (Zie-
nkiewicz and Taylor, 2000b). The interested reader can ﬁnd the
analytic expressions of the non-zero block entries of the Jacobian
matrices @Fint=@Z and @Fext=@Z in Appendix A.4. Numerical results
Four differentwoundmorphologies are numerically investigated
here: a planar (straight) wound, a circular wound and two elliptical
wounds (one beingmoderately elongated,with initial aspect ratio of
2, and theother very elongatedwith initial aspect ratio of 5). The size
(width) of the planarwound is the same as the diameter of the circu-
larwound (i.e., 2 cm). Thedimensions of the ellipticalwoundsare ta-
ken such that they have the same area as the circular wound.
Boundary effects on the results are avoided taking the computa-
tional domainX sufﬁciently large, being its characteristic dimension
(width in the case of the planar wound, radius for the others) ﬁve
times the largest dimension of the wound. The numerical method
has been implemented through a user element in ABAQUS. In all
the cases presented in this work, the nonlinear solver converged in
one iterationper time step (Dt varied from0.01 to 0.1 days) indepen-
dently of the wound shape.
In the remaining of this section we show how the model cap-
tures the key features of the contraction process. Furthermore,
we present a rigorous comparison with the original work of Olsen
et al. (1995) and, by means of computer simulations, analyze the
effect of wound morphology and the tethering restoring forces
on the contraction process. Thus, the comparison with Olsen’s
model is performed for the planar wound, that is, on a 1D problem,
whereas the subsequent morphological and mechanical analysis of
wound contraction is conducted on 2D geometries. The complete
list of parameter values is given in Tables 1–3.
Table 1
List of model parameters related to ﬁbroblasts and myoﬁbroblasts kinetics.
Parameter Description Value Observations
n0 Fibroblasts density in undamaged dermis 104 cells/cm3 Olsen et al. (1995)
Dn Fibroblasts diffusion rate 2 102 cm2=day Ghosh et al. (2007)a
an Together with bn determines the maximal chemotaxis rate per unit of GF conc. 4 1010 g=cm day Estimated
bn GF conc. that produces 25% of the maximal chemotactic response 2 109 g=cm3 Estimated
rn Fibroblasts proliferation rate 0.832 day1 Ghosh et al. (2007)
rn;max Maximal rate of GF induced ﬁbroblasts proliferation 0.3 day1 Estimated
C1=2 Half-maximal GF enhancement of ﬁbroblasts proliferation 10
8 g/cm3 Olsen et al. (1995)
K Fibroblasts maximal capacity in dermis 107 cells/cm3 Olsen et al. (1995)
k1;max Maximal rate of ﬁbroblasts differentiation 0.8 day1 Estimated
Ck Half-maximal GF enhancement of ﬁbroblasts differentiation 10
8 g/cm3 Estimated
k2 Myoﬁbroblasts dedifferentiation rate 0.693 day1 Estimated
dn Fibroblasts death rate 0.831 day1 dn ¼ rn 1 n0K
 b
r Myoﬁbroblasts to ﬁbroblasts logistic growth rate proportionality factor 0.5 Olsen et al. (1995)
dm Myoﬁbroblasts death rate 2:1 102 day1 Estimated
a Adjusted to ﬁt reported migration rate with a traveling wave model.
b Determined ﬁbroblasts proliferation kinetics to remain in equilibrium away from the wound.
Table 2
List of model parameters related to collagen and growth factor kinetics.
Parameter Description Value Observations
q0 Collagen conc. in undamaged dermis 0.1 g/cm
3 Olsen et al. (1995)
qini Initial collagen concentration in the wound 10
3 g/cm3 Olsen et al. (1995)
c0 GF concentration in the wound 10
8 g/cm3 Olsen et al. (1995)
rq Collagen production rate 7:59 1010 g3=cm6 cell day rq ¼ dqq0ðR2q þ q20Þa
rq;max Maximal rate of GF induced collagen production 7:59 109 g3=cm6 cell day Olsen et al. (1995)
Cq Half-maximal GF enhancement of collagen synthesis 109 g/cm3 Olsen et al. (1995)
g Myoﬁbroblasts to ﬁbroblasts collagen synthesis/degradation rate proportionality factor 2 Olsen et al. (1995)
Rq Half-maximal collagen enhancement of ECM deposition 0.3 g/cm3 Olsen et al. (1995)
dq Collagen degradation rate per unit of cell density 7:59 108 cm3=cell day Olsen et al. (1995)
Dc GF diffusion rate 5 102 cm2=day Olsen et al. (1995)
kc GF production rate per unit of cell density 7:5 106 cm3=cell day Estimatedb
f Myoﬁbroblasts to ﬁbroblasts chemical production rate proportionatlity factor 1 Olsen et al. (1995)
C Half-maximal enhancement of net GF production 108 g/cm3 Olsen et al. (1995)
dc GF decay rate 0.462–0.693 day1 Estimated
a Determined collagen degradation kinetics to remain in equilibrium away from the wound.
b Downestimated to prevent ﬁbro-proliferative disorders (Olsen et al., 1996) with the used GF decay rates.
Table 3
List of model parameters related to the mechanical behavior of cells and ECM.
Parameter Description Value Observations
pmax Maximal cellular active stress per unit of ECM 10
4 N g/cm2 cell Estimated
Kpas Volumetric stiffness moduli of the passive components of the cell 2 105 N g=cm2 cell Moreo (2008)
Kact Volumetric stiffness moduli of the actin ﬁlaments of the cell 104 N g/cm2 cell Moreo (2008)
h1 Shortening strain of the contractile element 0.6 estimated
h2 Lengthening strain of the contractile element 0.5 Moreo (2008)
sd Half-maximal mechanical enhancement of ﬁbroblast differentiation 105 N g/cm2 cell Estimated
l1 Undamaged skin shear viscosity 200 N day/cm
2 Estimated
l2 Undamaged skin bulk viscosity 200 N day/cm
2 Estimated
E Undamaged skin Young’s modulus 33.4 N/cm2 Khatyr et al. (2004)
m Undamaged skin Poisson’s ratio 0.3 Khatyr et al. (2004)
n Myoﬁbroblasts enhancement of traction per unit of ﬁbroblasts density 103 cm3/cell Olsen et al. (1995)
Rs Traction inhibition collagen density 5 104 g=cm3 Olsen et al. (1995)
s Dermis tethering factor 101–106 N/cm g Analyzed
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The pool of growth factors deposited at the wound during the
inﬂammatory phase plays a central role on the contraction pro-
cess, which is illustrated in Fig. 2 for a planar wound. The sharp
gradient of growth factor concentration across the wound edge
causes that chemotaxis is the main driving force of ﬁbroblasts
migration at the early times. Due to this migration, the tension
around the wound edge increases enabling the differentiation
of ﬁbroblasts into myoﬁbroblasts. Myoﬁbroblasts contractilemachinery enhances the traction stress rcell transmitted to the
ECM resulting on its contraction. The elevated clearance rate of
growth factors (Lee, 2000; Lin et al., 2008) causes that the chemi-
cals are quickly removed and, consequently, the termination of
ﬁbroblasts differentiation independently of the mechanical ten-
sion. Dedifferentiation of the remaining myoﬁbroblasts to ﬁbro-
blasts results on an effective decrease of the pressure
transmitted to the ECM, which causes a residual expansion of
the ECM to adapt to the new tensional state. The continuous
ﬁbroblasts proliferation and collagen deposition facilitates that
Fig. 2. Contraction of a planar wound. Fibroblasts and myoﬁbroblasts normalized densities (left) and the normalized cellular stress (right) at various instants of time. Dermis
tethering coefﬁcient s ¼ 5 102 N=cm g and growth factor half-life of 36 h.
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Fig. 6, where the time evolution of the wound area of the four
geometries under study is presented).
4.2. Comparison with the previous work by Olsen et al. (1995)
Themainnovelty of thiswork lies in the incorporation of the effect
of the substrate mechanical properties in the signaling and response
of cell forces. Thus, we can say that the present theory proposes a
mechanically driven wound contraction model (MDM) because the
forces exerted by the cells are not constant and depend on how the
surroundingmatrix deforms. Contrarily, Olsen et al. (1995) hypothe-
size that cell traction is constant and it does not drive cell differentia-
tion, and hence may be labeled as a non-mechanically driven model
(i.e., non-MDM).
Among the modiﬁcations proposed in this work to the original
model due to Olsen and co-workers, the change of the ECMmechan-
ical properties with collagen deposition causes the smallest effect,
which implies a slightly larger contractionpermittedby theweaknessFig. 3. Normalized ﬁbroblasts (left) and myoﬁbroblasts (right) distributions according to
marks) at various instants of time. (For interpretation of color mentioned in this ﬁgureof provisional ECMat thewoundduring theﬁrst stages ofwound con-
traction. The effect of the mechanical stimulus on the cellular differ-
entiation pattern is presented in Fig. 3. The proposed mechanical
modulation of cell differentiation pcell=ðsd þ pcellÞ downregulates
myoﬁbroblasts differentiation with respect to the chemical modula-
tion proposed by Olsen et al. (1995). Hence, myoﬁbroblasts densities
are lower with the mechanically driven model. Fibroblasts densities
are likewise lower with this model, as its proliferation indirectly
depends on myoﬁbroblasts dedifferentiation.
Finally, the effect of the mechanical regulation of the pressure
transmitted to the ECM is presented in Fig. 4. According with the
deﬁnition of pcell in the mechanically driven model, compressed
cells exert a lower traction force on the surrounding ECM than
lengthened cells. This fact affects the stress rcell that is transmitted
to the ECM, being this lower at compressed areas (i.e., at regions
undergoing contraction) and strongly inﬂuencing the contraction
pattern. However, the non-mechanically driven model assumes a
cell traction force s0 (see formulation of Olsen et al., 1995) indepen-
dent of the tensional state. This assumption impedes the adaptationnon-mechanically driven model (blue marks) and mechanically driven model (red
legend the reader is referred to the web version of the article.)
Fig. 4. Normalized cell traction force as deﬁned in the mechanically driven model model (left) and normalized cell stress distributions (right) according to the non-
mechanically driven model (blue marks) and the mechanically driven model (red marks) at various instants of time. Note that in the non-MDM, the normalized cell traction
force ~s0 ¼ s0=pmax equals 0.1 at all points and all times. (For interpretation of color mentioned in this ﬁgure legend the reader is referred to the web version of the article.)
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ger values of the stress inside the wound. This may result on non-
physical solutions, which present contraction patterns that bend
over themselves (see Fig. 5(left)). In fact, in order to compare both
models with the same set of parameters it was necessary to use a
value of s0 ð105 N g=cm2 cell) that required to decrease the origi-
nal value of Kact to 1:852 105 N g=cm2 cell in order to have the
same cell traction force in absence of deformation with both mod-
els. For completeness of the comparison, the temporal evolution of
the wound area is presented for both models in Fig. 5(right), where
it is clearly visible that the contraction predicted by the non-
mechanically driven model is much larger than the one predicted
by the mechanically driven model here proposed.Fig. 5. (left) Deformation of the grid at the moment of maximal contraction of a planar
model (red) and for s0 ¼ 3:75 105 and 105 ðKact ¼ 104 and 1:852 105, respectivel
Kact . (For interpretation of color mentioned in this ﬁgure legend the reader is referred to4.3. The role of wound shape on the contraction process
The effect of wound shape on the contraction process is ob-
tained comparing the contraction progress of wounds with the
same area (except for the case of the planar wound) but different
shapes. It is clear from the results (Fig. 6) that elongated wounds
contract further and at a larger rate. It is likewise visible the expan-
sion phase (due to the myoﬁbroblasts dedifferentiation and contin-
uous ﬁbroblasts proliferation and ECM deposition) described in
Section 4.1.
Furthermore, wound contraction does not preserve the original
shape of the wound, as can be seen in Fig. 7(top). The contraction is
more pronounced at regions of low curvature, since that is thewound for the non-mechanically driven model (blue) and the mechanically driven
y) N g/cm2 cell. (right) Evolution of the wound area for the smallest value of s0 and
the web version of the article.)
Fig. 6. Time evolution of the area of a contracting wound of several geometries.
Dermis tethering coefﬁcient s ¼ 5 102 N=cm g and growth factor half-life of 24 h.
Fig. 8. Normalized wound area at the instant of maximal contraction for several
values of the tethering factor s and wound morphologies.
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Fig. 7(bottom)). Hence, contracting elliptical wounds increase their
elongation. Additionally, the less resistant to deform the dermis is
(i.e., the smaller s is), the more the wound contracts and the larger
the elongation at moment of maximal contraction is for the same
wound. The effect of the dermis tethering factor s on the contrac-
tion proﬁle for the geometries under study is presented in Fig. 8.
The results show the same behavior for all geometries. The wound
area at the moment of maximal contraction presents a plateau forFig. 7. (top) Undeformed (dots) and deformed (lines) grids for the circular (left) and el
(bottom) Normalized myoﬁbroblasts distribution ðm=m0Þ for the same geometries at dasmall values of s, indicating that the restoring forces against con-
traction are negligible compared to the cell traction force. The con-
trary is observed as s is increased, obtaining an exponential
decrease of the contraction capacity.5. Discussion
Wound contraction is a key process in healing of burns and
deep wounds as it aids the wound size reduction. A great effortliptical wounds (center and right) at the moment of maximal contraction (day 7).
y 2 of contraction.
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capable of capturing the crucial aspects of wound contraction
(Tranquillo and Murray, 1992; Olsen et al., 1995). However, these
models still lack the mechanical stimulus as regulation of cell func-
tion, which limits their predictive power. In addition, these works
were never accompanied of analyses connecting wound morphol-
ogy with the mechanical contraction behavior. Even more, wound
morphology has not been considered as an important factor in
wound healing until recently (Javierre et al., 2008; Vermolen and
Adam, 2007) and, to the authors knowledge, has never been ana-
lyzed using mechano-chemical models.
In thiswork,weproposeamodel that isbasedon thepreviousone
proposed byOlsen et al. (1995), but that incorporates additional rel-
evant effectswhichare fundamental for themore accuratemodeling
of wound contraction. Among the proposedmodiﬁcations, themost
important one is the determination of the net cell force that is trans-
mitted to the ECM from its deformation (Moreo et al., 2008). In this
way, cells sensing large compression (or traction) respondpassively,
not promoting the enhancementof the tensional state. As it has been
shown, this dynamic adaptation of the stress allows the adequate
progress of contraction. The proposedmechanical signaling of ﬁbro-
blasts differentiation, although to a lower degree, works in the same
direction effectively reducing the number of active myoﬁbroblasts.
Together with the mathematical formulation of this mechanically
driven wound contraction model, we have presented a robust and
efﬁcient numerical solution based on a ﬁnite element analysis that
is valid to simulatewound contraction in two and three dimensions.
A drawback of this kind of models is the large number of param-
eters that have to be estimated. In this paper, we have used values
reported in the literature when possible. Parameters for which this
was not possible have been estimated such that the results repro-
duced qualitative features of wound contraction. The model has
been used to investigate the effect of wound morphology in the
contraction process. Results indicate a clear increase of the con-
traction rate with wound elongation. This is somehow contradic-
tory with the results obtained by McGrath and Simon (1983),
where a rather uniform contraction rate was obtained for wounds
of several shapes and sizes in rabbits. This discrepancy, however,
has a reasonable explanation. The mechanical properties of the
dermis in rabbits and humans are remarkably different. In rabbits,
wounds can close entirely or almost entirely by contraction,
whereas in humans the reduction of wound size by contraction re-
mains between 10% and 20% (Olsen et al., 1996). This difference in
the contraction capacity is due to the degree of dermal attachment
to the underlying tissue. This effect has been likewise analyzed in
this work, and results indicate an exponential decrease of the con-
traction capacity with the increase of the dermis elastic tethering
factor. However, a characterization of the contraction rate and
capacity as function of the mechanical properties of the dermis
falls outside the scope of this work. This kind of analysis shall be
carried out together with an inter-species experimental analysis
of wound contraction in order to validate the obtained results.
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Appendix A. Jacobian matrices of the internal and external
forces
In our notation, a denotes the time splitting parameter charac-
teristic of the trapezoidal integration method, ~rNu is a row vector
of ﬁrst derivatives of the displacement shape functions given by~rNu ¼ ½ðrN1uÞT    ðrNnnodu ÞT ; ð35Þ
where nnod is the total number of nodes and Kcell ¼ dpcell=dh. Hence,
the non-zero entries of the Jacobian matrices @Fint=@Z and @Fext=@Z
are given by
@Fintn
@n
¼ 1
aDt
Z
X
NTnNn dXþ
Z
X
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X
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